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Abstract
Comparative studies of chemosensory systems in vertebrates and invertebrates have 
greatly enhanced our understanding of anatomical and physiological constraints of chemical 
detection. Immunohistochemical comparisons of chemosensory systems are difficult to make 
across species due to limited cross-reactivity of mammalian-based antibodies. Immunostaining 
chemosensory tissues with glutaraldehyde-based antibodies generated against small metabolites 
in combination with hierarchical cluster analyses provide a novel approach for identifying and 
classifying cell types regardless of species. We used this ‘metabolite profiling’ technique to 
determine whether metabolite profiles can be used to identify cell classes within and across 
different species including mouse, zebrafish, lobster and squid. Within a species, metabolite 
profiles for distinct cell classes were generally consistent. We found several metabolite-based 
cell classifications that mirrored function or receptor protein based classifications. Although 
profiles of all six metabolites differed across species, we found that specific metabolites were 
associated with certain cell types. For example, elevated levels of glutathione were characteristic 
of non-sensory cells from vertebrates, suggesting an anti-oxidative role in non-neuronal cells in 
sensory tissues. Collectively, we found significantly different metabolite profiles for distinct cell 
populations in chemosensory tissue within all of the species studied. Based on their roles in 
other systems or cells, we discuss the roles of L-arginine, L-aspartate, L-glutamate, glycine, 
glutathione, and taurine within chemosensory epithelia.
Introduction
Across species of vertebrates and invertebrates, chemosensory systems have several 
common features. In general, olfactory receptor neurons (ORNs) are primary sensory neurons, 
with odorant-specific signal transduction machinery localized to cilia or microvilli on apical 
dendrites, and basal unmyelinated axons projecting to a glomerular structure in the brain (Ache,
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1994). Basic properties of odorant receptors, and signal transduction strategies show more 
similarities than differences among species as diverse as rodents, birds, fish and insects (Eisthen, 
2002). However, the limitations associated with species-specific antibodies have precluded an 
across-species, functional comparison of cell types within olfactory epithelia.
Free amino acids and other small metabolites such as glutathione form unique antigens 
when conjugated to bovine serum albumin with glutaraldehyde during fixation (Steinbusch et al., 
1978;Steinbusch et al., 1982). Antibodies generated against these antigens allow semi- 
quantitative measurements of small metabolite levels within cells. We can identify classes of 
cells by measuring the steady state levels of combinations of small metabolites. This metabolite 
profiling technique bypasses the need to identify unique proteins expressed in each cell type and 
provides antibody probes that are consistent when used in widely different species. Recent 
studies in visual and taste systems have shown that sensory cell types can be classified and 
identified across species by measuring levels of these small metabolic markers (Marc et al., 
1995;Kalloniatis et al., 1996;Michel et al., 1999;Eram and Michel, 2005). Further, retinal 
signatures in a single species were used to show how the retina is remodeled during degeneration 
(Jones et al., 2003), emphasizing the importance of examining metabolite profiles in healthy 
tissue.
Mouse, zebrafish and lobster are well-established models for studying olfaction and 
represent vertebrates and invertebrates from terrestrial and aquatic environments (both marine 
and freshwater). Much is known about the anatomy and physiology of chemosensory systems in 
each model (Korsching et al., 1997;Koehl et al., 2001;0rlando, 2001;Steullet et al., 2002;Zufall 
et al., 2002;Beauchamp and Yamazaki, 2003;Trinh and Storm, 2004). We used antibodies that 
recognize the following glutaraldehyde-conjugated antigen complexes: L-arginine, L-aspartate, 
L-glutamate, glycine, glutathione, or taurine. We examined the expression of these metabolites
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in cells of the mouse olfactory epithelium (OE), zebrafish OE, lobster olfactory antennules, and 
in the mouse vomeronasal organ (VNO). In addition, we applied the same analyses to the less- 
characterized squid OE. We include mouse VNO in our study to look at whether zebrafish 
microvillar cells have similar metabolite profiles to mouse vomeronasal neurons. While a 
metabolite profile comparison of gustatory and olfactory systems may be interesting, it is outside 
the scope of this study.
The markers were chosen to separate functionally different cell populations, while 
providing information regarding the metabolism of these cells. For example, glutathione should 
be highest in cells that generate and remove reactive oxygen species such as support cells (Hayes 
and McLellan, 1999;Bringmann et al., 2006). Taurine is often used by cells that must cope with 
large osmotic challenges (Pierce, 1982;Lambert, 2004). Arginine is important in cells either 
undergoing proliferation (Rodriguez et al., 2007) or undergoing stress (Tong and Barbul,
2004;Wheatley, 2005) and is a precursor for nitric oxide signaling (Mayer et al., 1991). 
Glutamate is a core metabolite in all cells, an indicator of the health or activity of cells, as well as 
a neurotransmitter (Takeuchi, 1987;Gasic and Heinemann, 1991;Hertz and Peng, 1992;Di Giorgi 
Gerevini et al., 2004;Torres and Amara, 2007), specifically in vertebrate ORNs (Trombley and 
Shepherd, 1993). Free aspartatds primarily used as a glutamate precursor (Palaiologos et al., 
1989).
Biochemical studies have ascertained the amino acid content in olfactory epithelium and 
bulb in various species to evaluate a metabolite’s significance (Watanabe et al., 1990;Potter et 
al., 1995;Ebbesson et al., 1996;Miranda-Contreras et al., 2000). These studies do not identify the 
metabolite content within cell types of the olfactory epithelium or bulb. Our approach provides a 
snapshot of the metabolic profile of each cell within a section of tissue. Similarities and 
differences of free metabolite levels within cells of chemosensory epithelia across vertebrate or
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invertebrate species allow us to generate testable models of functional similarities and 
differences between cells, epithelia and species.
To determine whether the extensive consistency in certain markers within retinal cell 
types across species (Marc et al., 1995;Kalloniatis et al., 1996;Marc et al., 1998;Marc and 
Cameron, 2001;Marc and Jones, 2002) is also found in chemosensory systems, we asked the 
following three questions: 1) Are metabolite profiles for functionally distinct cell types 
consistent across animals within a species? 2) Are metabolite profiles for analogous cell types 
conserved across species? 3) Will a comparative study of metabolite profiles in the three model 




Adult Swiss-Webster mice (n = 3; 18-20 g, Charles River Laboratory, Wilmington, MA, 
USA) were deeply anesthetized with 2.5 (al/g sodium phenobarbitol, fixed by perfusion with 1% 
paraformaldehyde/2.5 % glutaraldehyde, and decapitated. After removing the skin and lower 
jaw, the head was post-fixed overnight at 4°C followed by decalcifier (Apex Engineering 
Products Corp., Plainfield, IL) for 3 hours at room temperature. The overlying bone was 
removed and intact olfactory and vomeronasal tissues were rinsed and stored in 0.1 M PBS at 
4°C overnight, dehydrated using a methanol and acetone series, and embedded in Eponate plastic 
(65% DDSA, 33% Eponate, 2% DMP-30, allfrom Ted Pella Co., Redding, CA). All chemicals 
are from Sigma-Aldrich Corp. (St. Louis, MO) unless stated otherwise. All animal procedures 
were approved by the University of Utah Institutional Animal Care and Use Committee. 
Zebrafish
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Adult zebrafish, Danio reridn = 3; total body length 2.8 -3.3 cm) were purchased from a 
commercial supplier, and housed at the University of Utah in a recirculating 40-80 L aquaria 
(26°C). Animals were fed flake food (TetraMin, Blacksburg, VA) daily until used. Fish were 
anesthetized with MS-222 (20 mg/1 in artificial freshwater), decapitated, and the head was 
immersed in 1% paraformaldehyde/2.5% glutaraldehyde overnight at 4°C. Olfactory rosettes 
were removed, and then rinsed in 0.1 M PBS, dehydrated and embedded in plastic.
Lobster
Live Caribbean spiny lobsters, Panulirus argus (n = 3; 45-80 mm carapace length) were 
caught in the Florida Keys and air freighted to Georgia State University in care of Dr. Charles D. 
Derby. The lobsters were held in an 800 L recirculating aquarium containing aerated Instant 
Ocean (20-25°C) and fed frozen shrimp and squid until used. Each lateral flagellum of the 
antennule was removed, cut into pieces and placed in 1% paraformaldehyde/2.5% glutaraldehyde 
at 4°C overnight. Fixed tissue was shipped to W.C.M. for subsequent processing (0.1 M PBS 
rinse, dehydration and plastic embedding).
Squid
Live juvenile squid, Lolliguncula brevis, (n = 3; -10 cm in length) were caught in the 
wild by the National Resource Center for Cephalopods (University of Texas Marine Biomedical 
Center in Galveston, TX) and shipped overnight. Immediately upon arrival, animals were 
decapitated, olfactory organs were dissected and pinned out on Sylgard@-coatecboverslips and 
placed in 1% paraformaldehyde/2.5 % glutaraldehyde at 4°C overnight. Fixed tissue was rinsed 
in 0.1 M PBS, dehydrated and embedded in plastic.
Tissue Processing
Olfactory and vomeronasal tissues were cut into consecutive 50-100 nm sections and 
collected on Teflon-coated 12-well spot slides (Erie Scientific Co., Portsmouth, NH). The
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sections were further processed as reported by Marc et al. (1990). Briefly, sections were 
deplasticized with 25% sodium ethoxide (saturated sodium hydroxide in absolute ethanol) for 7 
min, followed by three 2 min rinses in 100% methanol, then double distilled H2O for 5 min. 
Individual sections were stained with one of the following rabbit polyclonal primary antibodies 
(final dilution): anti-arginine (1:500), anti aspartate (1:2000), anti-glutamate (1:32000), anti­
glycine (1:4000) or anti-glutathione (1:4000), and anti-taurine (1:16000) (Signature 
Immunologies, Salt Lake City, UT) overnight at room temperature. Primary antibodies were 
diluted in 0.1 M PBS containing 1% goat serum and 0.05% thimerosal (pH 7.4). It is not 
possible to do Western blots with these antibodies because they only recognize glutaraldehyde- 
conjugated haptens. Dot blot analysis performed by Marc et al. (1990, 1995) indicates that the 
aspartate, glutamate, glycine, taurine (Marc et al., 1990) and arginine (Marc et al., 1995) 
antibodies are at least 1,000-fold less cross-reactive to other structurally related antigens. Low 
cross-reactivity for glutathione (<1:1000) is reported by the manufacturer (Signature 
Immunologies, Inc., SLC, UT). Elimination of any of the primary antibodies from the procedure 
resulted in no immunoreactivity (Fig. SI). Secondary nanogold-conjugated goat anti rabbit 
antibodies (1:50 dilution; Amersham Corp., Arlington Heights, IL, USA) were applied for one 
hour and visualized with silver intensification (0.14% silver nitrate, 43 mM hydroquinone, 64 
mM citric acid, 141 mM sodium citrate) for 3 min at 32°C. Slides were coverslipped with 
Eponate plastic and cured at 65°C. All experiments were performed in triplicate.
Imaging and Analysis
For each animal, we acquired sets of six images of serial sections; each section stained 
with one of the six antibodies. Each 8-bit grayscale image was captured with an Axiocam CCD 
camera at 40X on a Zeiss upright Axioplan2 microscope. One image was selected as the 
reference and the other five images were registered to that image using PCI Geomatica 8.0 (PCI
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Remote Sensing, Richmond Hill, Ontario, Canada). Images at higher magnification were 
captured at 63X. Although similar exposure times and light levels were used during image 
capture, small differences in background intensities were measured from a region without tissue 
and used to set equivalent levels across allimages within a species. Two sets of superimposed 
red, green, blue (RGB) images were made in Adobe Photoshop 6.0 (Adobe, San Jose, CA) by 
placing images of taurine or arginine immunoreactivity (IR) in the red channel, glutamate or 
aspartate IR in the green channel, and glutathione or glycine IR in the blue channel, respectively. 
To select areas of interest (AOI) for an RGB image set, we used Image Pro Plus 
(MediaCybernetics, Silver Spring, MD). AOIs were placed on individual cells or features of the 
tissue on RGB images. AOI placements were saved and applied to each registered image in that 
set to obtain pixel intensity measurements for all AOI s. All AOIs were examined in both RGB 
images to confirm that borders remained within a single cell or feature. For each species, the 
AOIs from the image sets were grouped and classified using hierarchical cluster analysis based 
on differences in pixel intensity (SPSS 14.0, SPSS Inc., Chicago, IL). Dendrograms from SPSS 
were reproduced for publication using Adobe Illustrator CS (Adobe, San Jose, CA). Multivariate 
analysis of variance (MANOVA; post-hoc test, p<0.05) was used to determine the number of 
significantly different classes for a given tissue; at least one of all possible pairwise comparisons 
of pixel intensity measurement was significantly different. Histograms of the mean ± S.D. pixel 
intensity from each class were made in Origin 6.0 (OriginLab, Northampton, MA). After all 
AOIs had been classified within a given species, the mean ± S.D. pixel intensities from all 
classes across all tissues were subjected to hierarchical cluster analysis. MANOVAs were used 
to determine the number of significantly different classes across all tissues. Throughout the text, 
the pixel intensity ranges of metabolite labeling are described as follows: 0-85 = low; 86-140 = 
medium; 141-199 = high; 200-255 = very high.
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Results
The levels of six metabolites were analyzed immunohistochemically in the olfactory 
epithelium (OE) of mouse, zebrafish and squid, the mouse VNO and lateral flagellum of the 
lobster antennule. The results first describe the immunohistochemistry and classification of each 
species’ chemosensory tissue followed by a comparison of the metabolite profile based classes 
across species.
Immunohistochemistry of mouse OE
The pseudostratified mouse OE consists of ORNs (mature and immature), sustentacular 
cells (SCs), microvillar cells, horizontal and globose basal progenitor cells (Fig. 1). A lamina 
propria beneath the OE contains connective tissue, olfactory axon bundles surrounded by 
olfactory ensheathing cells (ECs), extrinsic nerve bundles, glands and blood vessels (Fig. IA). 
The transition from OE to respiratory epithelium (RE) was revealed by changes in the pattern of 
aspartate (Fig. IB), glutamate (Fig. 1C), glycine (Fig. ID), glutathione (Fig. IE) and taurine (Fig. 
IF) immunoreactivity (IR). Two cells within the respiratory epitheliumwere distinguished by 
their high aspartate, glutamate, and glutathione levels (Fig. 1, yellow AOIs).
In the mouse OE, arginine labeling was low (Fig. IA) except for in the olfactory ECs 
(Fig. IA, green AOI). Aspartate IR was heterogeneous; highest labeling was observed in the 
basal layer, intermediate labeling in the apical region and lowest labeling in the ORN cell bodies 
in the middle layer (Fig. IB, H). Glutamate and glutathione labeling was also heterogeneous 
with higher labeling in the apical SCs and basal OE than in the ORN cell bodies (Fig. 1C, E, G). 
ORN cell bodies only showed high labeling for taurine (Fig. IF, G). In an RGB image of 
taurine, glutamate and glutathione most ORNs appeared orange due to high taurine and medium 
glutamate labeling (Fig. 1G, I). Three glutamate positive ORNs were found in the apical OE 
(Fig. IA, orange AOIs, Fig. 1C, G, I, arrowhead). Thus, mature ORNs in the middle third of the
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OE had relatively lower metabolite levels than the rest of the OE. With respect to overall 
intensity, taurine > glutathione > aspartate > glutamate > glycine > arginine.
Mouse OE has nine metabolically distinct cell classes.
The hierarchical clustering of all AOIs in the mouse OE from three animals is shown in 
Figure 2A. Using MANOVA (p < 0.05) to compare six metabolites in mouse OE, we found nine 
significantly different classes of cells. Classes 4, 5 and 7 were found in all three animals.
Classes 1, 8 and 9 consisted of AOIs from two animals. Classes 2, 3 and 6 contained AOIs 
placed on non-sensory regions in one animal. The initial branching of the dendrogram generated 
by hierarchical cluster analysis separated Class 1, with low levels of all metabolites, from the 
other classes. Class 1 contained connective tissue present in the lamina propria(Fig. 1 A, blue 
AOIs). The next branching of the dendrogram separated Classes 2 and 3 from Classes 4-9 based 
on glutathione and glutamate levels. Classes 2 and 3 were significantly different from each other 
based on aspartate and taurine levels (Fig. 2F). Class 2 consisted of distinct respiratory cells 
(Fig. 1A, yellow AOIs, Fig. IB, H, arrowhead). Class 3 metabolites defined the Bowman’s 
glands (Fig. S2). Class 4 identified olfactory ECs, the only cells in the mouse OE with 
significant arginine content (Fig. 1A, green AOI, Fig. 1H, arrow). Class 5 consisted of AOIs that 
were present in the middle, or ORN, layer of the OE, and were separated from the remaining 
Classes 6-9 by significantly lower glutathione levels (Fig. 1A, cyan AOIs). Class 6 respiratory 
cells were distinguished from Classes 7-9 by high glycine levels (Fig. 1 A, magenta AOIs, Fig. 
ID, H, arrow). Class 7 consisted of cells located in the apical and basal layers of the OE, and 
was distinguished from Classes 8 and 9 by lower aspartate levels (Fig. 1A, purple AOIs).
Finally, Classes 8 and 9 had significantly different glutamate levels. Class 8 AOIs identified 
ducts of the Bowman’s glands (data not shown, but see Fig. S2B). Class 9 consisted of a class of 
apical ORNs that were high in glutamate (Fig. 1A, orange AOIs, Fig. 1C, G, I, arrowhead).
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Thus, hierarchical cluster analysis confirmed that different cell types in the mouse OE have 
unique metabolite profiles, the majority of which are conserved across preparations. 
Immunohistochemistry of themouse VNO
The mouse VNO is located near the anterior base of the nasal septum. The 
pseudostratified VNO epithelium can be divided into thirds with the apical third containing 
sustentacular cell (SC) bodies (Martinez-Marcos et al., 2005), the middle third containing Gai2- 
expressing apical vomeronasal neurons (VNs), and the basal third containing Ga0-expressing 
basal VNs (Jia and Halpem, 1996;Menco et al., 2001). There was very little arginine labeling in 
any cell type of the VNO, (Fig. 3A) however, the ensheathing cellswhich wrap VN axons had 
high arginine IR (Fig. S3). Medium aspartate labeling was observed in both the VNs and SCs 
(Fig. 3B). Glutamate IR was higher in the VNs than the SCs (Fig.3C). Glycine labeling 
distinguished the basal VNs from apical VNs and the SCs (Fig. 3D). Glutathione labeling was 
high in the SCs of the VNO, compared to the VNs (Fig. 3E). Although taurine was in the high 
range for VNs and SCs, the relative distribution for taurine was SCs > apical VNs > basal VNs 
(Fig. 3F and 4B). In an RGB image of taurine, glutamate and glutathione, the basal VNs 
appeared green (glutamate) while the apical VNs appeared yellow due to the higher levels of 
taurine (Fig. 3G, I). In an RGB image of arginine, aspartate and glycine (Fig. 3H), the basal VNs 
were blue due to higher glycine labeling. In summary, glycine and taurine delimited the apical 
and basal VNs, while glutamate and glutathione distinguished the SCs from the VNs. Labeling 
intensity overall varied depending on the cell type, however glutamate, glutathione and taurine 
had greater intensity than arginine, aspartate and glycine.
Mouse VNO has 12 metabolically distinct cell classes.
The hierarchical clustering of all AOIs in the mouse VNO from three animals is shown in 
Figure 4A. Using MANOVA (p < 0.05) to compare six metabolites in mouse VNO, we found









The Anatomical Record Page 12 of 58
12 significantly different classes of cells. Classes 1, 2, 4, and 5 were found in all three animals. 
Classes 6 and 10 consisted of AOIs from two animals. Classes 3, 7, 8, 11 and 12 were 
comprised of rare cells or non-sensory regions from one animal. The first branch of the VNO 
dendrogram separated the VNs, SCs and ensheathing cells (Classes 1-9) from the remaining non- 
sensory cell types (Classes 10-12; Fig. 4). The Class 9 ensheathing cells were split from Classes 
1-8 because of their high arginine content (Fig. S3, orange AOIs). Classes 7 and 8 were 
separated from Classes 1-6 based on higher aspartate levels. Classes 7 and 8 each contained one 
AOI and were separated by relative arginine, glutamate and glutathione labeling (Fig. 3A, peach 
AOI, Fig. 3B, H, arrowhead). Classes 1-6 split into two groups with Classes 1-4 having 
significantly lower glutathione levels than Classes 5 and 6. The SCs in Classes 5 and 6 were 
separated on the basis of taurine differences (Fig. 3 A, cyan and magenta AOIs). Classes 1-4 
consisted of VNs. The basal VNs in Class 4 had significantly lower taurine levels (Fig. 3A, 
green AOIs, Fig. 3F, G, I, arrowhead) than Classes 1-3. Classes 1 (Fig. 3A, blue AOIs, Fig. 3E, 
arrow) and 3 (Fig. S3, red AOIs) consisted of the apical VNs, which were distinguished by 
glutathione and taurine levels. The Class 2 basal VNs differed from Classes 1 and 3 based on 
significantly elevated arginine labeling (Fig. 3A, yellow AOIs, Fig. 3E, arrow). The non-sensory 
cell types in Classes 10-12 included connective tissue in Class 10 with higher glutamate and 
glutathione levels (Fig. 3A, cream AOI, Fig. 3C, E, G, I, arrow). Class 11 glands (Fig. 3A, pink 
AOIs, Fig. 3F, G, arow ) had higher taurine content than blood vessels in Class 12 (Fig. 3A, 
maroon AOIs, Fig. 3F,G, arrow) (Mendoza, 1993). Thus, across animals, VNs and SCs are 
more similar to each other than to the other cell types (glands and connective tissue), as 
illustrated by the dendrogram and histograms in Fig. 4A-B.
Immunohistochemistry of zebrafish OE
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The OE of the zebrafish, Danio rerids present on olfactory lamellae, with sensory 
epithelium covering approximately the inner two thirds and non-sensory epithelium (NSE) 
covering the outer third (Fig. 5). The metabolite profile of the zebrafish OE is similar to the 
mouse OE in that there was very low arginine Iffout high levels of glutamate and taurine (Fig.
5A, C, F). Medium aspartate IR was present in a subset of cells in both the OE and the NSE 
(Fig. 5B). A subset of ORNs had medium glutamate IR compared to other cells in the OE or 
NSE (Fig. 5C, arrow). The zebrafish OE and NSE had high levels of glycine labeling, with a 
basal layer of cells showing the highest glycine IR (Fig. 5D, arrow). Glutathione labeled the 
apical layer of the OE as well as the NSE (Fig. 5E). Medium levels of taurine labeling were 
observed in the majority of ORNs and medium to low labeling in NSE areas. An RGB image of 
taurine, glutamate and glutathione (Fig. 5G, I), revealed the three main types of cells in the OE. 
There were basal ORNs that spanned the width of the OE (Fig. 5 A, yellow AOIs, Fig. 5C, G, I, 
large arrow), apical ORNs (Fig. 5A, blue AOIs, Fig. 5C, G, I, small arrow), and basal cells (Fig.
5A, green AOIs). In the same RGB image, there were two types of cells in the NSE, with one 
type having higher taurine (Fig. 5A, red AOI) than the other (Fig. 5A, cyan AOIs). An RGB 
image of arginine, aspartate and glycine was mostly blue due to high glycine levels and low 
arginine or aspartate (Fig. 5H). Overall, the relative amounts of metabolites across the OE were 
glycine = glutamate = taurine > glutathione > aspartate > arginine labeling.
Five of eight zebrafish classes are non-sensory
Although zebrafish have 3 morphologically distinct types of ORNs (ciliated, microvillar 
and crypt cells) (Hansen and Zeiske, 1998) hierarchical analysis of all AOIs in the OE from three 
animals identified only two classes of ORNs (classes 1 and 2) in the sensory epithelia (Fig. 6). 
Classes 1, 2, 3, and 7 were found in all three animals. Classes 4, 5, 6 were found in one of two 
animals. Class 8 was found in one animal and identified non-sensory tissue at the base of the OE
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with the highest glutathione labeling (Fig. S4, peach AOI). Classes3 and 5 through 8 were all 
NSE. Classes 6 and 7 were different from Classes 1-5 because of aspartate, glutamate and 
glutathione levels. Class 6 (Fig. S4 magenta AOIs) and Class 7 cells (Fig. 5A, purple AOI, Fig. 
5C, G, arrowhead) were found in the basal lamina and other non-sensory tissue of the zebrafish 
OE. Class 6 was separated from Class 7 by its low aspartate and glutamate levels. Classes 3-5 
were separated from Classes 1 and 2 primarily based on low taurine. Classes 5 (Fig. 5A, cyan 
AOIs, Fig. 5E, G; arrow) and 4 consisted of non-sensory cells and basal cells, respectively, and 
were distinguished by differences in glutathione levels. Class 4 cells had low glutathione and 
high glycine levels and were designated basal cells due to their proximity to the basement 
membrane (Fig. 5A, green AOIs, Fig. 4D, H; arrow). Class 3 NSE was distinguished from 
Classes 4 and 5 by low aspartate levels (Fig. 5A, red AOI, Fig. 5B, H; arrowhead). Finally, in 
Class 1 apical ORNs (Fig. 5A, blue AOIs, Fig. 5C, G, I; arrow) the aspartate, glutamate, glycine, 
glutathione and taurine levels were higher than Class 2 basal ORNs (Fig. 5A, yellow AOIs, Fig. 
5C, G, I; arrow). In summary, the zebrafish OE had metabolite profiles similar to the mouse OE 
and VNO except for the high glycine levels in zebrafish OE.
Immunohistochemistry of lobster antennules
The distal half of the lateral flagellum of the first antennae of the lobster is divided into 
repeating units called annuli (Laverack, 1964;Ache and Derby, 1985). Each annulus has two 
rows of olfactory sensilla, called aesthetascs. Each aesthetasc is innervated by the outer dendritic 
segments of approximately 300 ORNs (Grunert and Ache, 1988). The ORN cell bodies 
associated with each aesthetasc are clustered within the lumen of the annulus (Fig. 7). Unlike the 
vertebrates we examined, cell bodies within lobster annuli had notabl)high arginine labeling 
(Fig. 7A). Aspartate, glycine and an absence of taurine clearly distinguished the ORNs from the 
surrounding tissue (Fig. 7B, D, F). Glutathione levels in the lobster were not as striking between
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the ORNs and non-sensory epithelia (connective tissue, auxiliary cells and secretory rosettes), 
compared to the vertebrates (Fig. 7E). Taurine was absent from the majority of ORNs, but 
outlined the cell bodies as described previously (Steullet et al., 2000) (Fig. 7F). In subsets of 
ORNs taurine varied between medium (Fig. 7F, arrowhead and very high (Fig. 7F, arrow). In 
an RGB image containing taurine, glutamate and glutathione (Fig. 7G, I), the majority of ORNs 
are bright green compared to the surrounding auxiliary cells. The intense green color is due to 
high glutamate levels, while the yellow color in non-sensory tissue and a subset of ORNs is due 
to high levels of taurine. Thus, aspartate and glycine were high in lobster ORNs but were lower 
in surrounding tissue. Arginine and glutamate had the highest intensity in auxiliary cells and 
connective tissue, while glutathione had the lowest intensity overall.
Lobster antennules contain three classes of ORNs based on taurine
Seven classes of cells were identified in lobster olfactory tissue (Fig. 8). Classes 1, 2, and 
6 were found in all three animals. Classes 4 and 7 were from two animals. Classes 3 and 5 were 
each found in one animal. The cluster analysis of all AOIs from three animals indicated that 
Class 7 cells were the most distinct. The Class 7 secretory cells of the aesthetasc tegumental 
glands (ATGs), called secretory rosettes, had very low levels of all the metabolites (Fig. 7A, 
purple AOIs, Fig. 7E, G). ATGs are a recently identified tissue component of lobster antennules 
(Schmidt et al., 2006). The remaining 6 classes of cells were divided into two groups (Classes 1­
3 and Classes 4-6) on the dendrogram based on arginine, aspartate and taurine immunoreactivity. 
Class 3 (Fig. S5) had lower glycine levels than Classes 1 and 2. Differences in arginine and 
taurine labeling separated Classes 1 and 2 (Fig. 7A, blue and yellow AOIs). Classes 1 and 3 
consisted of both auxiliary cells and ATGs, and had significantly different levels of all the 
metabolites tested. Further, AOIs on auxiliary cells and ATGs from tissue containing taurine- 
labeled ORNs fell into Class 1 (Fig. 7A, blue AOIs, Fig. 7F, G), while AOIs on auxiliary cells
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and ATGs from tissue without taurine-labeled ORNs fell predominantly into Class 3 (Fig. S5; 
See Discussion). High levels of taurine separated Class 4 ORNs (Fig. 5A, green AOIs, Fig. 5F, 
G, I, arrow) from Classes 1-3. Class 5 consisted of the connective tissue between ORN clusters 
(Fig. 5A, cyan AOIs, Fig. 5C, arrowhead) and was distinguished from Class 6 ORNs (Fig. 5A, 
magenta AOIs, Fig. 5F, G, I, arrow) by lower arginine, glutamate, and glycine content. The 
lobster antennule had the fewest classes of all the species examined, and was distinguished from 
the vertebrates by its high arginine and reduced taurine labeling in most ORNs. 
Immunohistochemistry of squid OE
In the squid, the pseudostratified olfactory epithelium contains at least five different 
morphological types of ORNs (types 1-5), and at least one support-like cell type (Emery, 1975). 
Three of the ORN subtypes (types 3, 4 and 5) have large invaginated cilia pockets. Cilia pockets 
retain access to the external environment and the cilia within them contain signal transduction 
proteins (Lucero et al., 2000;Mobley et al., 2007). Arginine labeled the type 2 cells, which have 
a small cell body in the middle layer of the OE, and a long dendrite ending in a knob-like 
structure at the apical surface (Fig. 9A, arrow). Aspartate labeled a subset of the type 2 cells 
(Fig. 9B, arrow), with lower labeling in the cilia pockets of cell types 3, 4 and 5 (Fig. 9B, 
asterisk). Glutamate labeling of the squid OE was found in three subsets of arginine-positive 
type 2 cells (Fig. 9C), but did not label the cilia pockets. Glycine outlined the type 3 cells, which 
have a cilia pocket in the apical layer of the OE (Fig. 9D, black arrowhead). The type 3 cilia 
pocket is connected to its cell body, located in the mid to basal layer of the OE, by a narrow 
isthmus. We observed glutathione labeling in types 2, 3 and 4 ORNs, but not in cilia pockets 
(Fig. 9E). Taurine labeling was high in the OE and did not distinguish any cell types, except to 
be either absent or at low levels in cilia pockets (Fig. 9F). In terms of overall intensity, arginine, 
aspartate and taurine had higher labeling than glutamate, glycine and glutathione. Based on the










Page 17 of 58 The Anatomical Record
images analyzed, we found that arginine labeling is high in type 2 ORNs with medium labeling 
in type 5 ORN somas and support cells. Aspartate labels type 2 ORNs and support cells, 
glutamate labels type 2 and 4 ORNs, glycine labels type 3 ORNs, glutathione labels type 2, 3 and
4 ORNs, and taurine labels most cells but is low in the cilia pockets. The type 1 ORNs are rare 
and difficult to identify; they are distinguished by an absence of glutamate and glutathione (Fig. 
9C, arrow).
Squid OE cell types have multiple labeling patterns
In the squid OE we found 12 distinct classes. Classes 1, 4-6, 8, 10 and 12 consisted of 
AOIs from all three animals. Class 11 came from two different animals. Classes 3 and 7 
represent single cells that came from one of two different animals. Classes 2 and 9 represent rare 
cells found in a single animal. The first branch of the dendrogram separated Classes 8-12, which 
had lower labeling levels, particularly for arginine and aspartate, from Classes 1-7 of the squid 
OE (Fig. 10). Considering Classes 1-7 first, the Class 7 type 2 ORN was distinguished from 
Classes 1-6 by glutamate labeling (Fig. S6, purple AOI). Class 5 (Fig. 9A, cyan AOIs, Fig. 9C, 
G, I, arrowhead) and 6 (Fig. 9A, magenta AOIs, Fig. 9E, G, arrowhead) type 2 ORNs were 
distinguished from Classes 1-4 based on their higher glutamate and glutathione, and from each 
other based on arginine labeling. Class 4 type 2 ORNshad higher levels of arginine (Fig. 9A, 
green AOIs) than Classes 1-3. Class 3 appeared to be a type 1 cell based on morphology and had 
a low glutamate profile (Fig. 9A, red AOI, Fig. C, G, arrow). Class 1 type 2 ORNs (Fig. 9A, 
blue AOIs, Fig. 9H) and Class 2 support cells could be distinguished by glutathione levels (Fig. 
S6, yellow AOIs). The cluster analysis did not distinguishype 3, 4 and 5 somas as unique 
classes. Classes 8-12 identified type 3, 4 and 5 cilia pockets. Class 8 consisted mainly of type 3 
and 4 cilia pockets (Fig. 9A, peach AOIs, Fig. 9B, H, arrowhead), which were distinguished by 
low aspartate, glutamate and glutathione labeling. Class 9 AOIs were found on type 3 and 5 cilia
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pockets (Fig. S6, orange AOIs), which were distinguished from Classes 10-12 by high 
glutathione content. Other type 3 and 4 cilia pockets comprised Class 10 (Fig. 9A, cream AOIs, 
Fig. 9D, H, arrowhead) and were separated from classes 11-12 by glutathione and glycine 
labeling. Both Classes 11 and 12 contained the type 3 cilia pockets, however, Class 11 (Fig. 9A, 
pink AOIs, Fig. 9F, arrowhead) had lower levels of glutamate, glutathione and taurine than Class 
12 (Fig. 9A maroon AOI, Fig. 9E, G, arrow). From the cluster analysis, we showed that across 
animals, squid ORN subtypes had different but overlapping metabolite profiles. Collectively, the 
six metabolites we tested identified four classes of cilia pocket labeling, seven classes of ORNs, 
and one support cell class.
Comparison of metabolite profiles across all species
To determine if metabolite profiles for analogous cell types are conserved across species, 
we used hierarchical cluster analysis to classify the mean metabolite values for each cell class 
from each tissue. Six statistically significant classes were identified (MANOVA, post-hoc test; p 
< 0.05). The dendrogram showed that the initial branch separated Class 6 from Classes 1-5 
based on high aspartate levels. Class 6 contained one rare VN class from the mouse VNO and 
four lobster classes: three ORN classes and one outer auxiliary class. The next branch separated 
Classes 1-2 from Classes 3-5 based on their significantly lower glutamate and glycine levels 
(Fig. 11 A). Class 1 was distinguished from Class 2 by its higher glutamate and glutathione 
levels (Fig. 11B). Class 1 consisted of mouse and squid ORNs, mouse and lobster non-sensory 
classes, and mouse VNO connective tissue and ECs. Class 2 had the lowest glutamate, glycine, 
glutathione and taurine intensity of all the classes. Class 2 contained lobster secretory rosettes, 
squid type 3 cilia pockets and three different classes of non-sensory tissue: two from mouse 
VNO and one from mouse OE. On the other main branch of the dendrogram, Class 3 was 
separated from Class 4 based on significantly higher aspartate and lower glycine levels and had










Page 19 of 58 The Anatomical Record
the highest glutathione labeling compared to the other classes. Class 3 contained five of the six 
VN classes from the mouse, four non-sensory classes from the mouse, including the SCs of the 
VNO, and a respiratory epithelium class from the zebrafish. Class 4 had the lowest average 
arginine content of all the classes and contained four non-sensory zebrafish classes, the two 
zebrafish ORN classes and the mouse respiratory epithelium class. Class 5 consisted only of 
non-sensory cells from the zebrafish OE, which had the highest glycine and glutathione content 
comparatively.
From these data, we observe that within a species, statistical classification identifies 
many different cell types as unique classes based on their metabolite profiles. Across species, 
statistical classification does not group analogous cell types together because of metabolite 
differences. Indeed, neuronal tissue in one species does not necessarily have the same metabolite 
profile as neuronal tissue in all the other species. These data suggest that across species, 
analogous cell types have different metabolic requirements to accomplish a common function. 
We discuss these differences and their implications below.
Discussion
We used the technique of metabolite profiling to address the following three questions: 1) 
are metabolite profiles for functionally distinct cell types consistent across animals within a 
species? 2) are metabolite profiles for analogous cell types conserved acres species? 3) will a 
comparative study of metabolite profiles in three model organisms inform us about metabolite 
roles in the less-studied squid olfactory organ? We found thatwithin a species, metabolite 
profiles for particular cell classes were generally consistent across the three animals examined, 
particularly in the cell types that made up the majority of the epithelium eg. ORNs or VNs, and 
SCs. Within species, we found several metabolite-based cell classifications thatmirror ed 
classifications based on function and/or receptor class expression. For example, the ensheathing
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cells of both mouse OE and VNO classified together, demonstrating consistency of a known cell 
type across different tissues in the same species. In contrast, mouse ORNs and VNs did not 
classify together (see Figure 11) and express different receptor classes and G proteins (Berghard 
et al., 1996;Matsunami and Buck, 1997). In the VNO, the apical and basal VNs had different 
metabolite profiles, possibly reflecting the distinct metabolic demands of activating the different 
receptors and G proteins expressed by these two cell groups (Halpern et al., 1995; Herrada and 
Dulac, 1997; Ishii et al., 2003).
Across species, we found that while profiles of all six metabolites were not conserved 
among analogous cell types, specific metabolites were associated with certain cell types. For 
example, taurine was found at high levels in all ORNs except lobster. Glutathione levels were 
significantly higher in the SCs of mouse OE, VNO, the Class 5 NSE of zebrafish and the 
auxiliary cells of lobster, compared to the respective neurons (student’s t-tests, p < 0.05; data not 
shown), suggesting that metabolic roles are conserved. To determine if a comparative study of 
metabolite profiles in the three model organisms inform us about metabolite roles in the less- 
studied squid olfactory organ we review the physiological role of the six metabolites examined, 
our findings for each organism, and then compare our findings to the squid.
Metabolites
Arginine is a substrate for the nitric oxide synthase (NOS) pathway where the enzyme 
NOS converts arginine to nitric oxide gas (Mayer et al., 1991), which then acts as a diffusible 
second messenger and activates soluble guanylyl cyclases. The Km of NOS for L-arginine is 
16.5 (aM, which is below the detection level of our immunocytochemical assay (100 juM) (Marc 
et al., 1990). Arginine is also important for cells either undergoing proliferation (Rodriguez et 
al., 2007) or stress as in tumors and wound healing (Tong and Barbul, 2004;Wheatley, 2005).
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Aspartate is important for conversion to glutamate (Simon et al., 1967). In some species 
there is evidence for a role in neurotransmission (Shank et al., 1975;Constanti and Nistri, 
1978;DAniello et al., 2005).
Glutamate is an important byproduct of the citric acid cycle, and is involved in numerous 
metabolic pathways. Besides its incorporation into proteins and peptides such as glutathione 
(Bukowska, 2004), glutamate is also an important neurotransmitter (Takeuchi, 1987;Sassoe- 
Pognetto et al., 1993;Berkowicz et al., 1994;Ennis et al., 1996)
Glycine is a neurotransmitter that gates anion channels (Betz, 1992) leading to membrane 
hyperpolarization, thus inhibiting the cell from depolarizing (Legendre, 2001). Metabolically, 
glycine is a byproduct of the citric acid cycle that can be used to make porphyrins, which lead to 
pathways for the production of hemoglobin and cytochromes (Beri and Chandra, 1993).
Glutathione is an important antioxidant, which can reduce oxidative damage to 
lipids, proteins and nucleic acids from oxygen radicals and hydrogen peroxide that are 
continually produced as byproducts of aerobic metabolism (Halliwell and Gutteridge, 
1989;Stadtman, 1992). Glutathione can be conjugated by the enzyme glutathione S-transferase 
to a large number of electrophilic alkylating compounds, in order to protect cells from potential 
toxicity (Mannervik and Danielson, 1988;Pickett and Lu, 1989).
A neurochemical role for taurine was identified in coelenterates (Anderson and Spencer, 
1989;Carlberg et al., 1995), and it is an important osmolyte for intracellular osmoregulation in 
mammals (Lambert, 2004). Studies have shown that taurine is abundant in the brains of both 
invertebrates (Evans, 1973;Schafer et al., 1988) and vertebrates (Sturman, 1993).
Specific roles found for metabolites that are unique to a species are described below and 
we assume that the metabolites are also utilized for the functions described above.
Mouse Olfactory Epithelium
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In the mouse OE, unique metabolite profiles identified many of the cell types that have 
been reported previously. Mouse ORNs had very low levels of all metabolites tested except for 
taurine. Hierarchical analysis did not differentiate the immature receptor neurons from mature 
ORNs, nor did it uniquely classify the two types of basal progenitor cells (horizontal and 
globose). A relatively rare class having high aspartate and glutamate was found in the apical OE 
and may correspond to microvillar cells (Elsaesser et al., 2005) (Fig. 1 A, orange AOIs, Fig. 1C, 
G, I, arrowhead). Arginine was an excellent marker for the ECs, which have been shown to 
promote neurite extension (Kafitz and Greer, 1999) during development.
Consistent with the presence of glutathione peroxidase, reductase and S-transferase in 
rodent sustentacular cells and Bowman’s glands, the high glutathione levels suggest a protective 
role against oxidative stress and xenobiotic-derived oxidants (Genter et al., 1995;Reed et al., 
2003).
Mouse Vomeronasal Organ
In the mouse VNO, the SCs, VNs, connective tissue, ensheathing cells, glands and blood 
vessels each displayed unique metabolite profiles. Six classes of VNs were distinguished by 
heterogeneous labeling among the apical and basal VN populations. VN heterogeneity between 
the apical and basal layers is also reflected in patterns of receptor gene and G-protein expression 
(Halpern et al., 1995;Herrada and Dulac, 1997;Ishii et al., 2003). The apical VNs express the 
V lr genes and the G-protein subunit Gaj2 . The basal VNs express the V2r genes, the G-protein 
subunit Ga0 and the class 1 genes of the major histocompatibility complex gene family H2-Mv 
(Ishii et al., 2003). Glycine’s presence at high levels in basal VNs may indicate an inhibitory 
function.
Zebrafish Olfactory Epithelium










Page 23 of 58 The Anatomical Record
Our study identified many of the cell types described by Hansen and Zeiske (1998) in 
adult zebrafish OE; however, crypt cells were not identified as a unique cell class by our 
metabolite panel. The two ORN classes most likely represent the ciliated (basal) and microvillar 
(apical) cells (Lipschitz and Michel, 2002) (Fig. 5C, G, I). Hierarchical analysis clearly 
identified putative glycine-rich basal cells (Fig. 5D, arrow). Classes 3 and 5 most likely 
represent the goblet and ciliated non-sensory cells, respectively (Fig. 5B, E, G, H). As in the 
mouse VNO, we found unique metabolite profiles for neuronal cell types that have different 
morphologies, locations in the OE, and receptor expression (Sato et al., 2005). Indeed, basal 
ciliated ORNs express the OR type odorant receptors, cyclic nucleotide-gated channels, and had 
high glutamate labeling. Apical microvillar ORNs express the V2R-type receptors, transient 
receptor potential C2 channels (Hansen and Zielinski, 2005), and had higher aspartate, glutamate 
and glutathione labeling than the basal ORNs
Comparatively, zebrafish and mouse OE were similar in that both had very little arginine 
labeling, and higher glutathione labeling in the NSE than OE. The main difference in zebrafish 
from the other species was high glycine labeling in both sensory and non-sensory tissue. 
Interestingly, glycine and glutamate are the third and fourth most common amino acids in seven 
different tissues of another freshwater fish, Rasbora daniconius (Raizada et al., 1979). While a 
role for free glycine has not yet been shown in the olfactory system of freshwater fish, one study 
found that the presence of glycine increased tolerance to lethal concentrations of lead and 
mercury (Coello and Khan, 1996). It is not know if glycine is playing a protective role or 
contributing to pH regulation, as suggested by Raizada et al. (1979).
Lobster Olfactory Antennules
In the lobster, we identified three classes of ORNs, and four types of non-sensory tissue. 
Compared to the vertebrate species we examined, lobster olfactory tissue differed in four of the
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six metabolites: the majority of lobster sensory ORNs lacked taurine, but had high arginine 
labeling. High glycine and aspartate labeling was confined to the ORNs.
The three lobster ORN classes are based on differences in taurine levels. A study by 
Steullet et al. (2000) showed that ORNs in the proliferative zone, located at the proximal end of 
the aesthetasc region, had high levels of taurine, while mature ORNs lacked taurine labeling. 
Thus, the two classes of auxiliary cells and ATGs (Classes 1 and 3) as well as the three classes of 
ORNs we observed may reflect maturational state. While there is evidence for a 
neuroprotective role in human fetal brain neurons (Chen et al., 1998), taurine’s role in the 
development of lobster ORNs is unknown.
Compared to the vertebrates, lobster ORNs had high levels of aspartate and glycine. The 
amino acids utilized for osmoregulation may vary between cell types and species (Gilles, 
1978;Pierce and Amende, 1981), but is always some combination of non-essential amino acids 
such as glycine, alanine, proline, glutamate, taurine and sometimes aspartate and glutamine 
(Pierce, 1982). Mature lobsterORNs may be using a spartate and glycine instead of taurine for 
osmoregulation (Fig. 7B, D). Aspartate may also be enhancing glutamatergic neurotransmission 
(Shank and Freeman, 1975;Constanti and Nistri, 1978;Constanti and Nistri, 1979). In the lobster 
neuromuscular junction, aspartate and glutamate cooperatively increase activation of glutamate 
receptors. While L-glutamate receptors have been described in the lobster olfactory organ 
(Burgess and Derby, 1997), their ability to bind aspartate has not been examined.
Medium glutathione levels in lobster outer auxiliary cells were significantly lower than 
that in mouse VNO SCs. Currently, it is not known whether xenobiotic metabolism occurs in the 
olfactory antennules of lobster. In the digestive gland of the American lobster Homarus 
americanus, glutathione plays a detoxifying role by making a transient complex with copper- 
metallothioneins and is then released as a copper-glutathione complex (Brouwer and Brouwer-
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Hoexum, 1991). It is possible that a copper-glutathione complex is also present in lobster 
olfactory tissue.
The majority of lobster ORNs had high arginine levels. It is unlikely that the majority of 
lobster ORNs are undergoing proliferation (Tong and Barbul, 2004;Wheatley, 2005;Rodriguez et 
al., 2007), The few ORNs that are high in taurine (a marker of proliferating cells in lobster) are 
low in arginine (Fig. 7A, F, yellow, green and magenta AOIs). Studies on other lobster species 
have shown that the arginine requirements for protein metabolism are higher than in other 
crustaceans (Mente et al., 2001) and that lobster proteins also have more arginine content than 
other crustaceans (Camien et al., 1951;Mason and Castell, 1980). Finally, the high arginine may 
contribute to nitric oxide signaling however, NOS has not been identified in lobster olfactory 
antennules.
Squid Olfactory Epithelium
Metabolite profiling of squid OE identified both the morphologically distinct cell types 
(types 1-5) as well as differences between cilia pockets. A priori, we expected each 
morphological subtype to have a unique metabolite profile. Instead, we found that within the 
morphologically defined cell types there are several metabolite profiles. The type 2, 3, 4 and 5 
ORNseach segregated into more than one class of ce 11s. This is consistent with a previous study 
that demonstrated expression of multiple combinations of signaling proteins in single squid 
ORNs(Mobley et al., 2007). For example, the type 3, 4 and 5 neurons express both Gaq and 
Ga0if with differential co-localization to the cilia pockets. Our findings in squid are consistent 
with results from mouse VNO and zebrafish; morphology, expression of different proteins and/or 
receptor classes are reflected in heterogeneous metabolite labeling.
Arginine labeling was high in subsets of type 2 and 5 ORNs. The location of arginine- 
labeled cells within the squid OEuled out the possibility that they were ensheathing cells as in









The Anatomical Record Page 26 of 58
mouse OE and VNO. The differentiated morphology of type 2 and 5 ORNs reduce the 
likelihood that they are proliferative. A role for arginine in nitric oxide signaling is supported by 
studies showing that antibodies against neuronal NOS labeled cells in the squid OE (Lucero and 
Sitthichai, 2003) and the olfactory lobe of the cephalopod Sepia officinalis (Di Cosmo et al., 
2000). Cephalopods may be more similar to lobsters in that they require or have higher levels of 
arginine in general.
L-Glutamate and L-aspartate are the second and sixth most abundant free amino acid, 
respectively in the optic lobe and stellate ganglion of the squid L. vulgaris (D'Aniello et al.,
1995). Glutamate is a neurotransmitter in several neuronal systems of the squid (Eusebi et al., 
1985;Florey et al., 1985;de Santis and Messenger, 1989;Lieberman and Sanzenbacher, 
1992;Evans et al., 1992a;Evans et al., 1992b;Tu and Budelmann, 1994;Di Cosmo et al., 1999;Loi 
and Tublitz, 2000;Lima et al., 2003). Evidence in the retina of S. officinalis suggests a 
modulatory role for L-aspartate in a cephalopod sensory system (D'Aniello et al., 2005). L- 
glutamate and both D- and L-aspartate were shown to gate an AMPA-like glutamate receptor 
that was isolated from the stellate ganglion/giant fiber lobe complex of Loligo opalescens 
(Battaglia et al., 2003) and expressed in HEK293 cells (Brown et al., 2006). Glutamate was only 
observed in a subset of type 2 squid ORNs (Classes 4, 5 and 7), while aspartate labeling was only 
found in Class 4 of type 2 squid ORNs and was absent in type 3 and 4 ORNs, suggesting a 
specific role for these metabolites in a subset of ORNs. Glutamate may be used as a 
neurotransmitter in a subset of squid ORNs.
It is not known what role glycine and glutathione have in the cephalopod olfactory 
system. Glycine acts at several synapses of the squid central nervous system (Caldwell and Lea, 
1978;Horn, 1986;Vinogradova et al., 2002;Lima et al., 2003), but since there is no clear role for 
glycine in our model organisms we cannot draw any conclusions about the role of glycine in
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squid. There were twoclasses of cells in squid OE that had high glutathione labeling (Classes 5 
and 6), and were morphologically identified as a subset of type 2 cells. The identified Class 1 
SCs had medium glutathione levels, however, based on glutathione in our model systems, the 
squid Class 5 and 6 cells may actually be a second type of support cell.
Taurine is the most abundant free amino acid in the ink of one octopus and three squid 
species (Derby et al., 2007) and is also found in the optic lobes and stellate ganglion of L. 
vulgaris (D’Aniello, et al., 1995). Our data showed that taurine levels in the squid OE had the 
highest average pixel intensity compared to the other metabolites we tested. Marine mollusks 
commonly have high concentrations of taurine, and it may play an important role in the 
osmoregulation of the ORNs as they are directly exposed to the aquatic environment.
Collectively, these data describe a diverse population of ORNs in the squid olfactory 
organ. Although the ORNs share a common function, to transduce odors, some contain high 
levels of different metabolites that are present for additional functions.
Comparison of sensory tissues across species
In a comparison of chemosensory tissues across species, we found interesting similarities, 
differences and patterns. We were able to make some predictions about the function of cells in 
the squid OE based on what we know about metabolite roles in our three model organisms, 
mouse, zebrafish and lobster. Due to significant differences in at least one metabolite, analogous 
cell types across species were not grouped within the same class. For example, the high arginine 
and low taurine content in lobster statistically separated its ORN classes from those of other 
species. High glycine content throughout the zebrafish OE separated most of its cell classes 
from the other species.
Strong similarities have been found in comparing retinal metabolite profiles across 
species such as primate (Kalloniatis et al., 1996), cat (Marc et al., 1998) rabbit (Marc and Jones,
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2002), zebrafish (Marc and Cameron, 2001), and goldfish (Marc et al., 1995). There are several 
factors that we hypothesize are contributing to the differences in olfactory system metabolite 
profiles. The first is due to direct contact with different environments that put different osmotic 
constraints on the animals. Secondly, the level of oxygen exposure may influence the levels of 
antioxidants, such as glutathione, in the epithelia. Thirdly, the different types of toxins that are 
metabolized or protected against may influence the metabolites present in the epithelia. When 
protective mechanisms are overwhelmed, toxins can result in cell death and in four of the five 
tissues we examined (mouse OE, VNO, zebrafish and lobster), regeneration of neurons has been 
demonstrated (Harrison et al., 2001;Schwob, 2002;Martinez-Marcos et al., 2005;Zupanc et al., 
2005). Neurons of different ages may have different metabolic requirements, contributing to 
changing metabolite profiles. Although chemosensory systems across species share many 
similarities, the heterogeneous environments, osmotic and toxicant exposure create differences 
that are reflected in their metabolite profiles.
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Figure Legends
Figure 1. Mouse olfactory epithelium. A: Arginine (Arg). The image is marked to indicate the 
different layers of the olfactory epithelium (OE); arrowhead indicates the beginning of 
respiratory epithelium (RE). The AOI mask is overlaid and color coded by class (bottom): 1, 
blue; 2, yellow; 4, green; 5, cyan; 6, fuchsia; 7, purple; 9, orange (Classes 3 and 8 see Fig. SI).
B: Aspartate (Asp). C: Glutamate (Glu). D: Glycine (Gly). E: GSH. F: Taurine (Tau). G: 
RGB image of Tau (red), Glu (green) and GSH (blue). H: RGB image of Arg (red), Asp (green), 
and Gly (blue). I:Higher magnification image of area within w hitedashed line in G. Numbers, 
arrows and arrowheads indicate the Class number. LP, lamina propria; SC, sustentacular cell; 
ORN, olfactory receptor neuron; OEC, olfactory ensheathing cell; CT, connective tissue; BV, 
blood vessel; dashed line in A indicates basal lamina. Scale bars = 10 (am.
Figure 2. Hierarchical classification of AOIs from mouse olfactory epithelium. A: Dendrogram 
of the hierarchical cluster analysis. Statistical significance of each class determined using 
MANOVA. Thick bars correspond to class divisions. B: Histogram of the mean values for each 
class.
Figure 3. Mouse vomeronasal epithelium. A: Arginine. The image is marked to indicate the 
different layers of the OE. The AOI mask is overlaid and color coded by class (right): 1, blue; 2, 
yellow; 4, green; 5, cyan; 6, fuchsia; 8, peach; 10, cream; 11, pink; 12, maroon (Classes 3, 7 and 
9 see Fig. S2). B: Aspartate. C: Glutamate. D: Glycine. E: GSH. F: Taurine. G-H: RGB 
images of the mouse VNO. I:Higher magnification image of are a within white dashed line in 
G. Numbers, arrows and arrowheads indicate the Class number. aVN, apical vomeronasal
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neurons; bVN, basal vomeronasal neurons; LP, lamina propria; basal lamina, dashed line in A. 
Scale bars = 10 jum.
Figure 4. Hierarchical classification of AOIs from mouse vomeronasal epithelium. A: 
Dendrogram of the hierarchical cluster analysis. Statistical significance of each class determined 
using MANOVA. Thick bars correspond to class divisions. B: Histogram of the mean values 
for each class.
Figure 5. Zebrafish olfactory epithelium. A: Arginine. The image is marked to indicate the 
main features of the OE; arrowhead indicates the beginning of non-sensory epithelium. The AOI 
mask is overlaid and color-coded (see legend in Fig. 3) by class: 1, blue; 2, yellow; 3, red; 4, 
green; 5, cyan; 7, purple (Classes 6 and 8 see Fig. S3). B: Aspartate. C: Glutamate. D:
Glycine. E: GSH. F: Taurine. G-H: RGB images of the zebrafish OE. I:Higher magnification 
image of area within white dashed line in G. Numbers, arrows and arrowheads indicate the 
Class number. BL, basal lamina (dashed line in A). Scale bars: A = 10 jum, 1 = 5 jum.
Figure 6. Hierarchical classification of AOIs from zebrafish olfactory epithelium. A: 
Dendrogram of the hierarchical cluster analysis. Statistical significance of each class determined 
using MANOVA. Thick bars correspond to class divisions. B: Histogram of the mean values 
for each class.
Figure 7. Lobster olfactory (lateral) antennule. A: Arginine. The image is marked to indicate 
the main features of the antennule. The AOI mask is overlaid and color-coded (see legend in 
Fig. 3) by class: 1, blue; 2, yellow; 4, green; 5, cyan; 6, fuchsia; 7, purple (Class 3 see Fig. S4).
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B: Aspartate. C: Glutamate. D: Glycine. E: GSH. F: Taurine. G-H: RGB images of the lobster 
olfactory antennule. I:Higher magnification image of area within w hite dashed line in G. 
Numbers, arrows and arrowheads indicate the Class number. ACs, auxiliary cells; ATG, 
aesthetasc tegumental gland; SR, secretory rosette. Scale bars = 10 jum.
Figure 8. Hierarchical classification of AOIs from the lobster olfactory antennule. A: 
Dendrogram of the hierarchical cluster analysis. Statistical significance of each class determined 
using MANOVA. Thick bars correspond to class divisions. B: Histogram of the mean values 
for each class.
Figure 9. Squid olfactory epithelium. A: Arginine. The image is marked to indicate the main 
features of the OE. The AOI mask is overlaid and color-coded (see legend in Fig. 3) by class: 1, 
blue; 3, red; 4, green; 5, cyan; 6, fuchsia; 8, peach; 10, cream; 11, pink; 12, maroon (Classes 2, 7 
and 9 see Fig. S5). B: Aspartate. C: Glutamate. D: Glycine. E: GSH. F: Taurine. G-H: RGB 
images of the squid OE. I: Higher magnification image of area within white dashed line in G. 
Numbers, arrows and arrowheads indicate the Class number. CP, cilia pocket; CT, connective 
tissue; T2, type 2 ORN; T3, type 3 ORN; T4, type 4 ORN; T5, type 5 ORN; basal lamina; 
dashed line in A. Scale bars = 10 jum.
Figure 10. Hierarchical classification of AOIs from squid olfactory epithelium. A: Dendrogram 
of the hierarchical cluster analysis. Statistical significance of each class determined using 
MANOVA. Thick bars correspond to class divisions. B: Histogram of the mean values for each 
class.
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Figure 11. Hierarchical cluster analysis of the means from all the animal classes. A: 
Dendrogram of the hierarchical cluster analysis. Thick bars correspond to class divisions. Class 
descriptions are listed opposite each branch of the dendrogram (Class number from original 
classification). B: Histogram of the mean values for each class.
Figure SI. Zero-primary control for the squid olfactory epithelium. A: A 50 (am thick section 
labeled with the anti-arginine antibody. B: A 50 jum section from the same slide as the section 
in A, except that the arginine primary antibody was omitted. Scale bar = 50 (am.
Figure S2. Mouse olfactory epithelium. A-B: RGB images of the mouse OE showing the Class 
3 Bowman’s glands (red AOIs) and Class 8 Ducts of the Bowman’s glands (arrowhead). Purple 
AOIs are Class 7 SCs and basal cells. BL, basal lamina (dashed line); SC, sustentacular cell; 
OEC, olfactory ensheathing cell; BV, blood vessel. Scale bar =10 jum.
Figure S3. Mouse vomeronasal organ. A-B: RGB images of the mouse VNO showing the Class 
3 apical VNs (red AOIs), Class 7 rare VNs (purple AOI) and Class 9 ECs (orange AOIs). The 
remaining AOIs are color coded by class: 1, blue; 2, yellow; 4, green; 5, cyan; 10, cream. BL, 
basal lamina (dashed line); BV, blood vessel; EC, ensheathing cell; SC, sustentacular cell. Scale 
bar = 10 jam.
Figure S4. Zebrafish olfactory organ. A-B: RGB image of the zebrafish OE showing the Class
6 non-sensory cells (magenta AOIs), and Class 8 non-sensory cells (peach AOIs). The 
remaining AOIs are color coded by class: 1, blue; 2, yellow. BL; basal lamina (dashed lines); 
NSE, non-sensory epithelium. Scale bar = 10 jum.
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Figure S5. Lobster olfactory (lateral) antennule. A-B: RGB images of the lobster olfactory 
antennule showing the Class 3 outer auxiliary cells (red AOIs). The remaining AOIs are color 
coded by class: 1, blue; 6, magenta. ATGs, aesthetasc tegumental glands; ACs, auxiliary cells. 
Scale bar = 10 jum.
Figure S6. Squid olfactory epithelium. A-B: RGB images of the squid OE showing the Class 2 
glutamate and glutathione-negative type 2 ORNs (yellow AOIs), Class 7 glutamate-positive type
2 ORN (purple AOI) and Class 9 glutathione-positive type 3 and 5 cilia pockets (orange AOIs). 
The remaining AOIs are color coded by class: 1, blue; 4, green; 5, cyan; 6, magenta; 8, peach;
10, cream; 11, pink; 12, salmon. CP, cilia pocket; CT, connective tissue; BL, basal lamina 
(arrow). Scale bar = 10 jam.
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Figure 1. Mouse olfactory epithelium. A: Arginine (Arg). The image is marked to indicate 
the different layers of the olfactory epithelium (OE); arrowhead indicates the beginning 
of respiratory epithelium (RE). The AOI mask is overlaid and color coded by class 
(bottom): 1, blue; 2, yellow; 4, green; 5, cyan; 6, fuchsia; 7, purple; 9, orange (Classes 3 
and 8 see Fig. SI). B: Aspartate (Asp). C: Glutamate (Glu). D: Glycine (Gly). E: GSH. F: 
Taurine (Tau). G: RGB image of Tau (red), Glu (green) and GSH (blue). H: RGB image of 
Arg (red), Asp (green), and Gly (blue). I: Higher magnification image of area within white 
dashed line in G. Numbers, arrows and arrowheads indicate the Class number. LP, lamina 
propria; SC, sustentacular cell; ORN, olfactory receptor neuron; OEC, olfactory 
ensheathing cell; CT, connective tissue; BV, blood vessel; dashed line in A indicates basal
lamina. Scale bars = 10 pm.
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Figure 2. Hierarchical classification of AOIs from mouse olfactory epithelium. A: 
Dendrogram of the hierarchical cluster analysis. Statistical significance of each class 
determined using MANOVA. Thick bars correspond to class divisions. B: Histogram of the
mean values for each class.
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Figure 3. Mouse vomeronasal epithelium. A: Arginine. The image is marked to indicate the 
different layers of the OE. The AOI mask is overlaid and color coded by class (right): 1, 
blue; 2, yellow; 4, green; 5, cyan; 6, fuchsia; 8, peach; 10, cream; 11, pink; 12, maroon 
(Classes 3, 7 and 9 see Fig. S2). B: Aspartate. C: Glutamate. D: Glycine. E: GSH. F: 
Taurine. G-H: RGB images of the mouse VNO. I: Higher magnification image of area within 
white dashed line in G. Numbers, arrows and arrowheads indicate the Class number. aVN, 
apical vomeronasal neurons; bVN, basal vomeronasal neurons; LP, lamina propria; basal 
lamina, dashed line in A. Scale bars = 10 pm.
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Figure 4. Hierarchical classification of AOIs from mouse vomeronasal epithelium. A: 
Dendrogram of the hierarchical cluster analysis. Statistical significance of each class 
determined using MANOVA. Thick bars correspond to class divisions. B: Histogram of the
mean values for each class.
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1
Figure 5. Zebrafish olfactory epithelium. A: Arginine. The image is marked to indicate the 
main features of the OE; arrowhead indicates the beginning of non-sensory epithelium.
The AOI mask is overlaid and color-coded (see legend in Fig. 3) by class: 1, blue; 2, 
yellow; 3, red; 4, green; 5, cyan; 7, purple (Classes 6 and 8 see Fig. S3). B: Aspartate. C: 
Glutamate. D: Glycine. E: GSH. F: Taurine. G-H: RGB images of the zebrafish OE. I: Higher 
magnification image of area within white dashed line in G. Numbers, arrows and 
arrowheads indicate the Class number. BL, basal lamina (dashed line in A). Scale bars: A
= 10 pm, 1 = 5 pm.
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Figure 6. Hierarchical classification of AOIs from zebrafish olfactory epithelium. A: 
Dendrogram of the hierarchical cluster analysis. Statistical significance of each class 
determined using MANOVA. Thick bars correspond to class divisions. B: Histogram of the
mean values for each class.
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Figure 7. Lobster olfactory (lateral) antennule. A: Arginine. The image is marked to 
indicate the main features of the antennule. The AOI mask is overlaid and color-coded 
(see legend in Fig. 3) by class: 1, blue; 2, yellow; 4, green; 5, cyan; 6, fuchsia; 7, purple 
(Class 3 see Fig. S4). B: Aspartate. C: Glutamate. D: Glycine. E: GSH. F: Taurine. G-H: RGB 
images of the lobster olfactory antennule. I: Higher magnification image of area within 
white dashed line in G. Numbers, arrows and arrowheads indicate the Class number. ACs, 
auxiliary cells; ATG, aesthetasc tegumental gland; SR, secretory rosette. Scale bars = 10
pm.
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Figure 8. Hierarchical classification of AOIs from the lobster olfactory antennule. A: 
Dendrogram of the hierarchical cluster analysis. Statistical significance of each class 
determined using MANOVA. Thick bars correspond to class divisions. B: Histogram of the
mean values for each class.
172x221mm (300 x 300 DPI)









The Anatomical Record Page 50 of 58
Figure 9. Squid olfactory epithelium. A: Arginine. The image is marked to indicate the 
main features of the OE. The AOI mask is overlaid and color-coded (see legend in Fig. 3) 
by class: 1, blue; 3, red; 4, green; 5, cyan; 6, fuchsia; 8, peach; 10, cream; 11, pink; 12, 
maroon (Classes 2, 7 and 9 see Fig. S5). B: Aspartate. C: Glutamate. D: Glycine. E: GSH. F: 
Taurine. G-H: RGB images of the squid OE. I: Higher magnification image of area within 
white dashed line in G. Numbers, arrows and arrowheads indicate the Class number. CP, 
cilia pocket; CT, connective tissue; T2, type 2 ORN; T3, type 3 ORN; T4, type 4 ORN; T5, 
type 5 ORN; basal lamina; dashed line in A. Scale bars = 10 pm.
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Figure 10. Hierarchical classification of AOIs from squid olfactory epithelium. A: 
Dendrogram of the hierarchical cluster analysis. Statistical significance of each class 
determined using MANOVA. Thick bars correspond to class divisions. B: Histogram of the
mean values for each class.
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Figure 11. Hierarchical cluster analysis of the means from  all the anim al classes. A: 
Dendrogram of the hierarchical cluster analysis. Thick bars correspond to class divisions. 
Class descriptions are listed opposite each branch of the dendrogram  (Class num ber from  
original classification). B: Histogram  of the mean values for each class.
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Figure SI. Zero-primary control for the squid olfactory epithelium. A: A 50 pm thick 
section labeled with the anti-arginine antibody. B: A 50 pm section from the same slide as 
the section in A, except that the arginine primary antibody was omitted. Scale bar = 50
pm.
144x110mm (300 x 300 DPI)
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Figure S2. Mouse olfactory epithelium. A-B: RGB images of the mouse OE showing the 
Class 3 Bowman's glands (red AOIs) and Class 8 Ducts of the Bowman's glands 
(arrowhead). Purple AOIs are Class 7 SCs and basal cells. BL, basal lamina (dashed line); 
SC, sustentacular cell; OEC, olfactory ensheathing cell; BV, blood vessel. Scale bar = 10
pm.
211x128mm (300 x 300 DPI)
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Figure S3. Mouse vomeronasal organ. A-B: RGB images of the mouse VNO showing the 
Class 3 apical VNs (red AOIs), Class 7 rare VNs (purple AOI) and Class 9 ECs (orange 
AOIs). The remaining AOIs are color coded by class: 1, blue; 2, yellow; 4, green; 5, cyan; 
10, cream. BL, basal lamina (dashed line); BV, blood vessel; EC, ensheathing cell; SC,
sustentacular cell. Scale bar = 10 pm.
212x125mm (300 x 300 DPI)
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Figure S4. Zebrafish olfactory organ. A-B: RGB images of the zebrafish OE showing the 
Class 6 non-sensory cells (magenta AOIs), and Class 8 non-sensory cells (peach AOIs). 
The remaining AOIs are color coded by class: 1, blue; 2, yellow. BL; basal lamina (dashed 
lines); NSE, non-sensory epithelium. Scale bar = 10 pm.
156x226mm (300 x 300 DPI)
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Figure S5. Lobster olfactory (lateral) antennule. A-B: RGB images of the lobster olfactory 
antennule showing the Class 3 outer auxiliary cells (red AOIs). The remaining AOIs are 
color coded by class: 1, blue; 6, magenta. ATGs, aesthetasc tegumental glands; ACs,
auxiliary cells. Scale bar = 10 iim.
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Figure S6. Squid olfactory epithelium. A-B: RGB images of the squid OE showing the Class
2 glutamate and glutathione-negative type 2 ORNs (yellow AOIs), Class 7 glutamate- 
positive type 2 ORN (purple AOI) and Class 9 glutathione-positive type 3 and 5 cilia 
pockets (orange AOIs). The remaining AOIs are color coded by class: 1, blue; 4, green; 5, 
cyan; 6, magenta; 8, peach; 10, cream; 11, pink; 12, salmon. CP, cilia pocket; CT, 
connective tissue; BL, basal lamina (arrow). Scale bar = 10 pm.
210x120mm (300 x 300 DPI)
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